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ABSTRACT 

Multi-level  difFra<.tive  phase  profiles  have  the  potential  to  significantly  improve 
the  performance  of  many  conventional  lens  systems.  The  theory,  design,  and  fabri¬ 
cation  of  these  diffractive  profiles  are  described  in  detail.  Basic  examples  illustrate 
the  potential  usefulness,  as  well  as  the  limitations,  of  these  elements. 
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1.  INTRODUCTION 


The  direction  of  propagation  of  a  light  ray  can  be  changed  by  three  basic  means;  reflection, 
refraction,  and  diffraction.  Three  simple,  yet  useful,  equations  that  describe  these  phenomena  are 
the  law  uf  reflection,  Snell's  law,  and  the  grating  equation.  These  three  fundamental  equations  are 
the  foundation  for  the  description  of  redirecting  light  rays. 

Virtually  all  optical  systems  in  existence  rely  on  only  reflection  and  refraction  to  achieve  the 
desired  optical  transformation.  Lens  design,  based  on  reflective  and  refractive  elements,  is  a  well- 
established  and  refined  process.  Until  recently,  diffractive  elements  have  been  neglected  as  viable 
components  of  optical  systems. 

One  reason  for  the  lack  of  interest  in  using  diffractive  elements  in  a  lens  design  is  that  the  pro¬ 
cess  of  diffraction  does  not  simply  redirect  a  light  ray.  Diffraction,  unlike  reflection  and  refraction, 
splits  a  light  ray  into  many  rays  —  each  of  which  is  redirected  at  a  different  angle.  The  percentage 
of  the  incident  light  redirected  by  the  desired  angle  is  referred  to  cis  the  diffraction  efficiency.  The 
diffraction  efficiency  of  a  diffractive  element  is  determined  by  the  element’s  surface  profile.  If  the 
light  that  is  not  redirected  by  the  desired  angle  is  substantial,  the  result  will  be  an  intolerable 
amount  of  scatter  in  the  image  or  output  plane  of  the  optical  system. 

Fortunately,  a  surface  profile  exists  (in  theory)  that  achieves  100-percent  diffraction  efficiency  at 
a  specified  wavelength.  The  theoretical  diffraction  efficiency  of  this  surface  profile  is  also  relatively 
insensitive  to  a  change  in  wavelength.  This  profile  could  therefore  be  used  in  optical  systems 
operating  over  finite  wavelength  bands.  Section  2  of  this  report  discusses  a  theory  of  this  highly 
efficient  diffractive  profile.  The  diffraction  efficiency  of  the  simplest  example  of  a  diffractive  element, 
a  grating,  is  derived.  The  section  concludes  with  the  extension  of  the  results  to  diffractive  elements 
having  arbitrary  phase  profiles. 

The  theoretical  existence  of  a  surface  profile  having  high  diffraction  efficiency  has  no  practical 
consequences  in  the  design  of  optical  systems  unless  this  profile  can  be  easily  determined  and 
readily  fabricated.  The  diffractive  surface  profile  described  in  Section  2  is  not  easily  fabricated. 
It  is  possible,  however,  to  readily  fabricate  diffractive  phase  profiles  that  approximate  the  ideal 
diffractive  profile.  The  ideal  profile  can  be  approximated  in  a  discrete  fashion,  similar  to  the  digital 
representation  of  an  analog  function.  This  discrete  representation  is  called  a  multi-level  profile  and 
is  theoretically  analyzed  in  Section  3. 

If  diffractive  surfaces  are  to  become  an  accepted  alternative  to  reflective  and  refractive  surfaces, 
a  well-defined  process  of  actually  fabricating  the  diffractive  surface  is  needed.  Section  4  describes  a 
fabrication  process  that  starts  with  a  mathematical  phase  description  of  a  diffractive  phase  profile 
and  results  in  a  fabricated  multi-level  diffractive  surface.  The  fabrication  process  is  best  described  in 
two  different  steps.  The  first  step,  described  in  detail,  is  to  take  the  mathematical  phase  expression 
and  generate  from  it  a  set  of  masks  that  contains  the  phase  profile  information.  The  second  step  is 
to  transfer  the  phase  profile  information  from  the  masks  into  the  surface  of  the  element  specified 
by  the  lens  design.  This  particular  step  is  explained  in  a  brief  fashion,  since  the  details  of  this 
procedure  can  be  found  in  another  report  currently  in  preparation. 
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A  multi-level  diffractive  phase  profile  is  an  additional  option  that  should  be  seriously  considered 
by  lens  designers.  These  profiles  are  not  the  solution  to  all  problems;  yet,  in  many  instances,  they 
can  be  used  to  improve  on  a  design  that  consists  solely  of  reflective  and  refractive  elements.  Section  5 
describes  some  basic  examples  of  cases  where  a  diffractive  phase  profile  can  improve  on  the  per¬ 
formance  of  a  completely  refractive  design.  The  limitations  of  these  diffractive  phase  profiles  are 
quantified  in  order  to  give  the  lens  designer  a  sense  of  the  realm  of  applicability  of  diffractive 
profiles. 

A  lens  designer  relies  heavily  on  the  capabilities  of  a  lens  design  program  in  arriving  at  a 
suitable  solution  to  a  particular  problem.  If  a  diffractive  phase  profile  is  to  be  considered  in  a 
design,  the  lens  design  program  must  ha\e  the  capability  to  insert  and  optimize  these  diffractive 
profiles.  \\'idely  distributed  lens  design  programs  such  as  CODE  V  and  ACCOS  have  the  ability 
to  insert  diffractive  surfaces  into  lens  systems.  These  programs  also  have  the  capability  to  optimize 
the  phase  profiles  of  the  diffractive  surfaces  in  order  to  attain  the  best  possible  performance.  s 

Section  6  describes  in  detail  the  process  of  inserting  a  diffractive  surface  in  a  lens  design  and 
the  optimization  of  the  diffractive  element  s  phase  profile.  The  format  and  terminology  of  the  lens 
design  program.  CODE  were  chosen  as  the  basis  for  the  description  of  the  procedure.  CODE  \’ 
was  chosen  because  it  is  not  only  the  most  widely  available  program  with  the  required  capability, 
but  also  it  is  the  program  with  which  we  are  most  familiar.  The  reader  not  familiar  with  CODE  \’ 
can  gain  some  insight  into  the  process  and  peculiarities  of  designing  a  lens  that  contains  diffractive 
surfaces. 
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2.  THEORY 


2.1  DIFFRACTION  GRATING 

The  simplest  example  of  a  diffractive  optical  element  is  a  linear  grating.  A  variety  of  different 
types  of  gratings  can  be  categorized  based  on  the  way  by  which  the  grating  modulates  the  incident 
light  field.  Amplitude  gratings,  for  example,  modulate  the  incident  light  field  by  transmitting  a 
certain  percentage  of  the  incident  light  and  either  absorbing  or  reflecting  the  rest.  Phase  gratings, 
on  the  other  hand,  transmit  all  of  the  incident  light.  The  modulation  is  achieved  by  imparting 
to  the  incident  light  field  a  periodic  phase  delay.  This  periodic  phase  delay  can  be  accomplished, 
as  in  a  volume  grating,  by  periodically  modulating  the  refractive  index  of  a  material;  or  it  can  be 
accomplished,  eis  in  a  surface  relief  grating,  by  periodically  changing  the  physical  thickness  of  a 
material. 

Phase  gratings  have  the  advantage  over  amplitude  gratings  in  that  they  can  be  made  to  diffract 
100  percent  of  the  incident  light  (of  a  given  wavelength)  into  one  diffraction  order.  This  is  a 
desirable,  if  not  necessary,  condition  if  a  diffractive  element  is  to  be  used  in  an  optical  system. 
Surface  relief  gratings  have  the  advantage  over  volume  gratings  in  that  the  diffraction  efficiency 
falloff  as  a  function  of  wavelength  is  minimized.  This  is  a  requirement  if  the  element  is  to  be 
used  in  an  optical  system  designed  to  operate  over  a  finite  wavelength  band.  Furthermore,  surface 
relief  gratings  can  be  fabricated  in  a  mass-production  environment  similar  to  the  integrated  circuit 
fabrication  process.  For  these  reasons,  we  have  concluded  that  surface  relief  phase  gratings  have 
the  most  potential  for  finding  their  way  into  commercial  and  military  optical  systems.  The  rest  of 
this  report  will  focus  only  on  surface  relief  structures. 

A  surface  relief  phase  grating  is  shown  in  Figure  2-1.  The  surface  relief  pattern,  familiar  to 
most  people,  is  that  of  a  conventional  blazed  grating.  In  order  to  analyze  this  structure,  w'e  will 
assume  that  the  grating  period  T  is  large  enough  compared  with  the  w^avelength  of  the  incident 
light  so  that  the  scalar  approximation  to  Maxwell's  equations  can  be  used.  The  scalar  theory 
is,  in  general,  accurate  when  the  grating  period  is  greater  than  five  wavelengths.  The  possible 
applications  of  diffractive  structures,  discussed  later  in  this  report,  fall  well  wdthin  the  regime  of 
\'alidity  of  the  scalar  approximation. 

In  the  scalar  approximation,  the  transmittance  of  the  surface  relief  grating  in  Figure  2-1  can 
be  described  by 


t{x)  =  ^  6(a:  —  mT)  *  r€ct{^)exp  (i27r/3z) 

m=-oc 


(2.1) 


where  0  =  {n  —  l)dfXT  and  *  represents  a  convolution. 

For  an  incident  plane  wave  traveling  in  the  z-direction,  the  far-field  amplitude  distribution  is 
given  by  the  Fourier  transform  F{f)  of  the  grating  transmittance  function  t{x) 
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Figure  2-L  Surface  relief  phase  grating. 


rm  -  V  ‘If  ^  .sin(rT(3- /}) 


(2.2) 


where  /  -  sin(0)  A.  It  is  apparent  from  Equation  (2.2)  that  the  amplitude  of  the  Tn‘^  diffraction 
order  is  given  bv 


dm  — 


sin(7rr(J  -  y )) 
nT(J^p) 


(2.3) 


The  diffraction  efficiency  of  the  order  is  the  absolute  value  of  the  amplitude  of  the  order 
squared 


r]m  = 


sin(nT{3  -  ^)) 
nT{3- 


(2.4) 


The  diffraction  order  of  interest,  in  general,  is  the  first  diffraction  order.  Setting  m  =  1  in  Equa¬ 
tion  (2.4),  the  diffraction  efficiency  of  the  first  order  is  given  by 


T)1  = 


sin(7r(3T  -  1)) 
7r(3T-  1) 


i2 


(2.5) 
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This  equation  predicts  that,  when  3  —  l/T,  the  diffraction  efficiency  of  the  first  order  will  be 
100  percent.  Therefore,  a  properly  constructed  surface  relief  phase  grating  can  diffract  all  of  the 
incident  light  of  a  given  wavelength  into  the  first  diffraction  order. 

Equation  (2.5)  also  predicts  that  the  first-order  diffraction  efficiency  is  both  depth  and  wave¬ 
length  denenrtent.  A  depth  error  in  the  fabrication  process  will  result  in  a  lower  diffraction  efficiency. 
Likewise,  a  change  in  wavelength  will  result  in  a  diffraction  efficiency  decrease. 

The  depth  dependence  of  the  diffraction  efficiency  can  be  modeled  by  assuming  a  depth  error 
of  id.  The  total  grating  depth  is  then 

d  =  (2.6) 

(n  -  1) 

Substituting  this  value  of  d  in  Equation  (2.5)  results  in  a  first-  order  diffraction  efficiency  given  by 


m  = 


sin(-f  t'* 

J 


rf 


(2.7) 


This  equation  predicts  that  a  i5-percent  depth  error  results  in  a  diffraction  efficiency  falloff  of  less 
than  1  percent.  In  the  majority  of  applications,  this  can  be  considered  negligible.  A  depth  error 
of  =5  percent  corresponds  to  a  physical  depth  error  of  approximately  ±500  Angstroms  for  visible 
light.  The  etching  technology  used  to  fabricate  these  structures  can  be  controlled  to  achieve  depth 
tolerances  of  better  than  soOO  .Angstroms. 

The  wavelength  dependence  of  these  elements  becomes  a  concern  when  the  element  is  to  be  used 
in  an  optical  system  operating  over  a  finite  wavelength  band.  There  are.  in  fact,  two  wavelength- 
dependent  effects  unique  to  these  structures.  The  first  well-known  effect,  apparent  from  Equa¬ 
tion  (2.2)  is  that  the  first-order  diffraction  angle  is  wavelength  dependent.  Longer  w’avelengths  are 
diffracted  over  larger  angles  than  shorter  wavelengths.  This  is  a  chromatic  dispersion  effect  that 
will  be  discussed  later  in  this  report.  The  second  effect  is  the  wavelength  dependeuce  of  the  first- 
order  diffraction  efficiency. 

Returning  to  Equation  (2.5)  and  assuming  that  the  diffraction  efficiency  is  maximized  for  a 
wavelength  Aq  by  setting  d  =  Aq  (n  -  1)  result  in 


m  = 


sin(r(^  -  D) 

7r(^  -  1] 


(2.8) 


This  equation  expresses  the  first-order  diffraction  efficiency  at  wavelength  A  of  an  element  optimized 
for  wavelength  Aq.  It  is  apparent  from  Figure  2-2,  a  plot  of  the  diffraction  efficiency  as  a  function  of 
waxelength,  that  the  diffraction  efficiency  falloff  is  small  for  wavelengths  close  to  Aq  and  is  significant 
for  large  wavelength  deviations. 

For  optical  systems  designed  to  operate  in  finite  spectral  bands,  the  integrated  diffraction 
efficiency  over  the  s  pectral  band  is  the  parameter  of  interest.  The  average  diffraction  efficiency  over 
a  finite  bandwidt*-  Aq  .^X  is  given  by 
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Figure  2-2.  Plot  of  the  diffraction  efficiency  as  a  function  of  wai’elength. 


which  is  approximately  expressed  by 


^  6Ao  ’ 


(2.9) 


(2.10) 


Table  2-1  lists  the  average  diffraction  efficiency  over  various  fractional  bandwidths.  The  average 
diffraction  efficiency  remains  above  95  percent  for  fractional  bandwidths  of  up  to  40  percent,  but 
falls  off  rapidly  for  larger  bandwidths.  This  effect  is  the  most  limiting  constraint  in  using  a  diffractive 
element  in  a  finite  bandwidth  system.  The  decrease  in  efficiency  as  a  function  of  bandwidth  has  to 
be  considered  in  a  system  design.  The  residual  light  that  is  not  diffracted  into  the  desired  order  is 
diffracted  into  different  orders.  This  light  manifests  itself  as  a  type  of  scatter  at  the  image  plane  of 
an  optical  system.  The  amount  of  tolerable  scatter  is  particular  to  the  optical  system’s  performance 
requirements.  The  lens  designer  has  to  establish  the  advantage  or  disadvantage  of  introducing  a 
diffractive  element  into  a  design  based  on  the  performance  goals  of  the  optical  system. 

The  scatter  as  a  function  of  bandwidth  introduced  by  a  diffractive  element  is  unlike  the  more 
familiar  random  scatter  caused  by  inadequate  surface  polishing  or  surface  defects.  The  scatter 
caused  by  the  diffractive  surface  is  deterministic.  This  scatter,  or  residual  light,  propagates  in 
different  diffraction  orders.  The  amount  of  light  at  any  wavelength,  and  in  any  given  order,  can 
be  easily  calculated  from  Equation  (2.4).  Figure  2-3  shows  the  amount  of  light  in  the  various 
diffraction  orders,  at  various  wavelengths,  for  an  element  designed  to  have  a  100-percent  efficient 
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TABLE  2-1. 

Average  OifTraction  Efficiency  for  Various  Fractional  Bandwidths 


Fractional  Bandwidth 

Efficiency 

(AA/Ao) 

0.00 

1.000 

0.10 

0.997 

*  . .  .  j 

0.20 

0.989 

0  30 

0.975 

0.40 

0.956 

-V 

0.50 

0.931 

060 

0.901 

first  order  at  Aq.  As  the  wavelength  increases  from  Ao.  the  residual  light  appears  most  strongly  in 
the  zero  order.  For  decreasing  wavelengths,  the  light  appears  in  the  second  order.  This  residual 
light  can  be  traced  through  an  optical  system  to  see  how  it  is  distributed  at  the  image  plane. 

The  blazed  phase  grating  analyzed  in  this  section  was  described  by  the  transmittance  function 
given  in  Equation  (2.1).  An  equivalent  way  of  expressing  the  transmittance  function  of  a  blazed 
grating  is 


_  ^<2r.c.ox  „  (2.11) 

where  iOoX  a  represents  a  linear  function  in  x,  modulo  o,  limited  to  values  between  ±q/2. 

The  transmittance  of  a  prism  (the  refractive  counterpart  of  a  grating)  can  be  expressed  as 

((j)  =  e’^®°'.  (2.121 

The  prism  and  grating  phase  functions  are  shown  in  Figure  2-4. 

2.2  ARBITRARY  PHASE  PROFILE 

In  the  previous  section,  the  theory  of  a  blazed  phase  grating  having  100-percent  diffraction 
efficiency  in  the  first  order  was  given.  The  effects  of  a  change  in  depth,  or  a  change  in  wavelength, 
were  analyzed.  However,  a  diffraction  grating  is  of  extremely  limited  usefulness  in  optical  systems 
which  require  elements  that  focus  or  reshape  the  wavefront  by  desired  amounts.  In  conventional 
optical  Bvstems.  this  is  done  refractively  or  reflectively  by  employing  lenses  and  mirrors.  What  is 
required  is  the  diffractive  counterpart  to  these  conventional  optical  elements. 
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Figure  2-3.  Plot  of  diffraction  efficiency  as  a  function  of  diffraction  order  for  various 
wavelengths. 
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Consider  a  refractive  element  that  can  be  described  by  a  transmittance  function 

tr{x)  =  (2.13) 

where  d>(x)  is  an  arbitrary  function  of  x.  Can  a  generad  analogy,  like  the  grating-prism  analogy 
of  the  previous  section,  be  made?  What  is  the  behavior  of  the  diffractive  counterpart  with  a 
transmittance  function  of 

td(x)  =  .  (2.14) 

where  d>/(x)  =  io(i')|Q?  The  refractive  and  diffractive  phase  functions  for  an  arbitrary  phase  are 
plotted  in  Figure  2-5. 

In  order  to  understand  the  diffractive  transmittance  function  of  Equation  (2.14),  a  nonlinear 
limiter  analysis  is  used.  The  diffractive  phase  0'(x)  is  plotted  as  a  function  of  the  refractive  phase 
o(x)  in  Figure  2-6.  The  diffractive  phase,  for  generality,  has  been  limited  to  values  between  ±a/2. 
It  is  apparent  from  the  figure  that  c/(x)  is  periodic  in  0(1)  with  a  period  equal  to  one.  It  follows 
that  exp  [2Tro/(x);  is  also  periodic  in  o(x)  and  can  therefore  be  written  as  a  generalized  Fourier 
series 


I 


fn  =  -3c 


Cm^ 


x2rmoir\ 


(2.15) 


where  the  coefficients  Cm  are  given  by 


Irfo(x)  = 


sin(ff(o  -  m)) 
it(a  -  m) 


(2.16) 


Therefore,  if  o  =  1.  ci  is  equal  to  1.  and  all  the  other  tVn  coefficients  are  zero.  The  exiting 
wavefront  from  this  diffractive  structure  is  identical  to  its  refractive  counterpart.  It  is  interesting 
to  note  that  the  Cm  coefficients  are  identical  to  the  Cm  coefficients  of  Equation  (2.3)  by  setting 
o  =  (n  -  l)d/Ao. 

The  wavelength  and  depth  dependence  of  diffraction  efficiency  for  any  arbitrary  phase  diffrac¬ 
tive  structure  is  identical  to  the  linear  phase  grating.  The  arbitrary  diffractive  phase  element  has 
orders  similar  to  the  grating.  These  orders,  instead  of  being  plane  waves,  take  on  more  complicated 
wavefront  profiles  represented  on  the  right-hand  side  of  Equation  (2.15). 
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Figure  2-5.  Comparison  of  the  refractive  and  di^active  phase  functions 
of  an  arbitrary  phase  profile. 
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3.  MULTI-LEVEL  STRUCTURES 


In  Section  2  we  showed  that  an  arbitrary  wavefront  can  be  produced  from  a  diffractive  structure 
with  100-percent  diffraction  efficiency  at  the  design  wavelength.  Unfortunately,  this  diffractive 
structure  has  a  surface  relief  depth  which  Naries  continuously  over  every  2n  phase  interval.  This 
phase  profile,  with  a  continuous  depth,  is  not  easily  fabricated  with  any  existing  technology.  A 
compromise  hais  to  be  made  between  achie\able  diffraction  efficiency  and  ease  of  fabrication. 

A  compromise  that  results  in  relatively  high  diffraction  efficiency  and  ease  of  fabrication  is  a 
multi-level  phase  structure.  Figure  3-1  shows  a  continuous  phase  grating  profile  compared  with 
phase  gratings  with  2.  4.  and  8  discrete  phase  levels.  It  is  apparent  from  the  figure  that  the 
larger  the  number  of  discrete  phase  levels,  the  better  the  approximation  to  the  continuous  phase 
profile.  These  multi-level  phase  profiles  can  be  fabricated  using  standard  semiconductor  fabrication 
techniques.  The  fabrication  proces.s  of  multi-level  structures  will  be  described  later  in  this  report. 
The  first  question  to  be  answered  is  the  extent  of  the  sacrifice  in  diffraction  efficiency  as  a  function 
of  the  number  of  discrete  phase  levels. 


(a) 


2  PHASE  LEVELS 


(b) 


4  PHASE  LEVELS 


8  PHASE  LEVELS 


Figure  3-1.  A  continuous  phase  grating  compared  with  2,  4,  and  8  discrete  phase 
levels. 
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The  diffraction  efficiency  of  a  multi-level  structure  can  be  simply  derived  by  considering  the 
multi-level  structure  as  being  equal  to  the  desired  continuous  profile  minus  an  error  phase  profile. 
The  diffraction  efficiency  of  the  multi-level  structure  is  then  the  efficiency  of  the  desired  continuous 
phase  profile  multiplied  by  the  zero-order  efficiency  of  the  error  phase  structure.  Figure  3-2  illus¬ 
trates  this  concept  for  a  4-level  structure  If  the  number  of  discrete  phase  levels  of  the  multi-level 
structure  is  N,  then  the  error  phase  structure  to  be  subtracted  has  a  depth  of  d/N  (where  d  is  the  de¬ 
sired  continuous  phase  depth)  and  a  periodicity  of  1/N  times  that  of  the  ideal  structure.  The  result¬ 
ing  diffraction  efficiency  of  the  multi-level  structure  is  then  easily  obtained  by  using  Equation  (2.4) 
and  is  given  by 


r.  ,  /  in  - ltd 

sin{Tr(  — Y - rn ;) 

rsin(rr(<^))l 

L  >  ^0  j 

1 

(3.1) 


This  equation  can  be  used  to  determine  the  diffraction  efficiency  of  any  multi-level  profile  at  any 
wavelength  and  for  any  diffraction  order. 


4c 


Figure  3-2.  A  multi-level  phase  structure  can  be  analyzed  by  representing  it  as  the 
difference  of  two  continuous  phase  profiles. 


As  an  example  of  how  the  number  of  phase  levels  edfects  the  diffraction  efficiency,  consider  a 
continuous  phase  structure  designed  to  achieve  100-percent  diffraction  efficiency  in  the  first  order 
at  the  design  wavelength.  Equation  (3.1)  then  reduces  to  the  expression 


t?i 


s 


sin(7r /.V)!^ 
tt.  A'  ” 


(3,2) 
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The  continuous  phase  profile  would  achieve  100-percent  diffraction  efficiency,  whereas  a  multi-lev’el 
structure  with  N  levels  is  reduced  to  that  given  by  Equation  (3.2).  Table  3-1  lists  the  diffraction 
efficiency  of  a  multi-lo’-el  structure  for  \-arious  values  of  the  number  of  phase  levels.  Two  things  to 
notice  in  the  table  are  that  for  16  phase  levels  the  diffraction  efficiency  at  the  design  wavelength  is 
99  percent,  and  that  values  of  diffraction  efficiency  are  highlighted  for  multi-level  structures  with 
N  equal  to  a  power  of  2.  The  reason  multi-level  structures  with  a  number  of  levels  equed  to  a  power 
of  2  are  highlighted  will  become  apparent  in  the  next  section. 

TABLE  3-1 

Multi-level  Diffraction  Efficiency  for  Various  Numbers  of  Phase  Levels 


Number  of  Levels  j  First-Order  Efficiency 


N  , 

ni 

2 

0  41 

3 

0.68 

4 

0.81 

5 

0.87 

6  i 

0.91 

8 

095 

12 

0.98 

16 

0.99 

A  16-phase  level  structure  achieving  99-percent  diffraction  efficiency  is  an  element  that  could 
have  advantageou.s  implications  in  the  design  of  many  optical  systems.  The  residual  1  percent  of 
the  light  is  diffracted  into  higher  orders  and  manifests  itself  as  scatter.  In  many  optical  systems, 
this  is  a  tolerable  amount  of  scatter.  The  fabrication  of  a  16-phase  level  structure,  described  in 
the  following  section,  is  relativel>  efficient  due  to  the  fact  that  only  four  processing  iterations  are 
required  to  produce  the  element. 
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4.  MULTI-LEVEL  FABRICATION 


The  fabrication  of  a  multi-level  diffractive  element  requires  the  same  technolog>'  used  in  the 
production  of  integrated  circuits.  This  fabrication  process  will  be  outlined  in  order  to  describe 
in  a  general  fashion  the  steps  involved  in  producing  a  multi-level  diffractive  element.  A  separate 
report  describing  in  detail  all  the  equipment  and  processing  steps  used  in  fabrication  of  multi-level 
elements  is  in  preparation. 

The  first  step  involved  in  fabricating  a  multi-level  element  is  to  mathematically  describe  the 
ideal  diffractive  phase  profile  that  is  to  be  approximated  in  a  multi-level  fashion.  The  simplest  case, 
for  example,  is  a  grating  of  period  T,  designed  to  operate  at  a  wavelength  Aq.  The  phase  function 
for  this  grating  can  be  mathematically  described  by 

©(x)  =  (4-1) 

Ao 


where  a  =  Xq/T. 

A  phase  function  having  more  complexity  than  a  simple  grating  can  be  mathematically  de¬ 
scribed  in  a  general  way  by  expanding  it  in  a  power  series 

O(T.y)  =  ^  (4.2) 


This  equation  represents  a  general  phase  function  in  the  spatial  coordinates  (x,y).  The  number 
of  terms  retained  in  the  power  series  determines  how  well  of  an  approximation  the  series  is  to  the 
actual  phase  desired.  The  values  of  the  a„m  coefficients  are  optimized  to  make  the  series  expansion 
best  approximate  the  desired  phase.  For  example,  the  grating  phase  of  Equation  (4.1)  is  represented 
by  Equation  (4.2)  where  all  the  a„rn  coefficients  are  z'^^o,  except  for  oio  which  is  equal  to  Xq/T. 

The  majority  of  cases  in  optical  design  require  phEise  functions  that  are  circularly  symmetric; 
these  phase  functions  can  also  be  described  by  a  power  series  expansion 

=  (4.3) 

where  r  is  the  radial  coordinate.  The  optical  axis  of  the  lens  system  is  at  the  radial  coordinate  r  =  0. 
The  values  of  the  Cp  coefficient-’,  determine  the  functional  form  of  the  radially  dependent  phase. 

The  next  step  in  the  fabrication  process,  once  the  pheise  function  is  mathematically  determined, 
is  to  create  a  set  of  lithographic  masks  w-hich  are  produced  by  standard  pattern  generators  used  in 
the  integrated  circuit  industry.  Pattern  generators,  either  optical  or  electron  beam,  expose  a  thin 
layer  of  photoresist  w'hich  resides  on  a  chrome-covered  quartz  substrate.  The  exposed  photoresist 
is  then  washed  off  the  chrome-coated  substrate,  leaving  the  pattern  in  the  remaining  unexposed 
photoresist.  The  pattern  is  then  transferred  to  the  chrome  by  etching  away  the  chrome  that  is 
not  covered  by  the  remaining  photoresist.  Once  the  chrome  has  been  patterned,  the  remaining 
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photoresist  is  washed  away,  resulting  in  a  finished  lithographic  mask.  The  final  product  is  a  binary 
amplitude  mask  that  transmits  light  where  the  pattern  was  exposed,  and  reflects  any  incident  light 
where  there  was  no  exposure. 


4.1  GRATING  FABRICATION 

To  illustrate  the  purpose  of  these  lithographic  masks  in  the  fabrication  of  a  multi-level  element, 
consider  the  simplest  case  of  a  grating.  The  final  grating  that  is  desired  has  the  surface  fehef  profile 
shown  in  Figure  3-l(a).  The  coarsest  approximation  to  the  desired  grating  profile,  also  shown  in 
Figure  3-l(a),  is  a  binary  phase  profile.  A  lithographic  mask  can  be  easily  produced  with  a  binary 
amplitude  grating  pattern  having  the  desired  period  and  a  50-percent  duty  cycle  (i.e.,  50  percent 
of  the  light  is  transmitted).  What  remains  is  to  transfer  the  amplitude  pattern  contained  on  the 
lithographic  mask  onto  an  optically  transmissive  substrate,  and  convert  the  amplitude  pattern  into 
a  surface  relief  pattern. 

Figure  4-1  illustrates  the  process  of  fabricating  a  binary  surface  relief  grating,  starting  with  the 
binary  amplitude  lithographic  mask.  A  substrate  of  the  desired  material  is  coated  with  a  thin  layer 
of  photoresist.  The  lithographic  mask  is  then  placed  in  intimate  contact  with  the  substrate  and 
illuminated  from  above  with  an  ultraviolet  exposure  lamp.  The  photoresist  is  developed,  washing 
away  the  exposed  resist  and  leaving  the  binary  grating  pattern  in  the  remaining  photoresist.  This 
photoresist  will  act  as  an  etch  stop,  like  in  the  Uthographic  mask  process,  except  that  now  the 
substrate  material  has  to  be  etched  instead  of  chrome. 

The  most  reliable  and  accurate  way  to  etch  many  optica)  substrate  materials  is  to  use  reactive 
ion  etching.  The  process  of  reactive  ion  etching  anisotropically  etches  materials  at  very  repeatable 
rates.  The  desired  etch  depth  can  be  obtained  very  accurately.  The  anisotropic  nature  of  the  process 
assures  a  vertical  etch,  resulting  in  a  truly  binary  surface  relief  profile.  Once  the  substrate  has  been 
reaciively  ion  etched  to  the  desired  depth,  the  remaining  photoresist  is  stripped  away,  leaving  a 
binary  phase  surface  relief  grating.  In  the  case  of  a  binary  phase  profile,  Equation  (3.2)  predicts  a 
maximum  first-order  diffraction  efficiency  of  40  5  percent  for  an  etch  depth  of  d  =  Ao/2{n  —  1). 

Imagine  repeating  the  process  described  above  on  the  same  substrate,  except  this  time  using 
a  lithographic  mask  having  twice  the  period  of  the  first  mask.  Figure  4-2  illustrates  this  process. 
The  binary  phase  element  is  recoated  with  photoresist  and  exposed  using  the  Uthographic  mask 
#2  that  has  a  period  twice  that  of  the  first  mask.  After  developing  and  washing  away  the  exposed 
photoresist,  the  substrate  is  reactive  ion  etched  to  a  depth  half  that  of  the  first  etch  [i.e.,  d  = 
Ao/4(n  -  1)].  Remo\-al  of  the  remaining  photoresist  results  in  a  4-level  approximation  to  the 
desired  profile.  The  4-level  phase  element  has  a  first-order  diffraction  efficiency,  predicted  by 
Eiquation  (3.2),  of  81  percent.  One  can  imagine  repeating  the  process  a  third  and  fourth  time  with 
Uthographic  masks  having  periods  of  one-quarter  and  one-eighth  that  of  the  first  mask,  and  etching 
the  substrate  to  depths  of  one-quarter  and  one-eighth  the  depth  of  the  first  etch.  The  successive 
etches  result  in  elements  having  8  and  16  phase  levels.  The  first-order  diffraction  efficiency,  after 
the  third  and  fourth  etches,  is  predicted  from  Equation  (3.2)  to  be  95  and  99  percent,  respectively. 
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Figure  4-1.  Illustration  of  the  fabrication  of  a  binary  surface  relief  grating. 
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Figure  4-2.  Illustration  of  the  fabrication  of  a  4~IeveI  surface  relief  gratiag. 
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After  only  four  processing  iterations,  a  16-phase  level  approximatiOD  to  the  contkuous  case  can  be 
obtained.  A  similar  iteration  process  to  that  described  here  is  used  in  the  fabrication  of  integrated 
circuits.  The  process  can  be  carried  out  in  parallel,  producing  many  elements  simultaneously,  in  a 
cost-effective  manor. 

The  one  major  difference  between  fabricating  a  binary  phase  element  and  a  multi-level  element 
is  that,  after  the  first  etching  step,  the  second  and  subsequent  lithographic  masks  have  to  be 
accurately  aligned  to  the  existing  pattern  on  the  substrate.  Alignment  is  accomplished  using  another 
-tool  standard  to  the  integrated  circuit  industry,  a  mask  aligner.  Mask  aligners  are  commercially 
at-ailable  with  \'arying  degrees  of  sophistication.  The  majority  of  aligners  can  place  in  registry  the 
mask  and  substrate  to  submicrbn  tolerances.  This  degree  of  alignment  accuracy  allows  for  the 
fabrication  of  many  useful  multi-level  diffractive  elements. 

Some  instances  in  a  lens  design  may  require  or  prefer  the  diffractive  surface  to  reside  on  a 
substrate  surface  that  is  not  flat.  The  process,  as  described,  necessitated  a  fiat  substrate  to  obtain 
intimate  contact  between  the  lithograghic  masks  and  the  substrate.  The  condition  of  intimate 
contact  can  be  relaxed,  depending  on  the  feature  sizes  of  the  lithographic  masks.  If  the  mask  and 
substrate  are  not  in  intimate  contact,  the  ultraviolet  exposure  light  will  diffract  from  the  mask, 
blurring  the  pattern  in  the  photoresist.  In  many  instances,  particularly  for  diffractive  elements 
designed  for  use  in  the  infrared,  the  mask's  feature  sizes  are  large  enough  to  allow  for  a  significant 
distance  between  the  mask  and  the  substrate.  This  is  a  point  the  lens  designer  must  be  aware  of 
in  a  system  design. 

In  summary,  the  fabrication  of  a  multi-level  surface  relief  grating  requires  a  set  of  lithographic 
masks  and  standard  integrated  circuit  fabrication  equipment.  A  set  of  M  properly  designed  litho¬ 
graphic  masks  results  in  a  multi-level  surface  relief  grating  with  2*'^  phase  levels.  Tiic  optimum 
etch  depth  for  the  mask  pattern  is  —  Ao  '2^^(n  -  1). 

4.2  ARBITRARY  PHASE  FABRICATION 

The  design  of  a  set  of  lithographic  masks  used  in  the  fabrication  of  a  multi-level  grating  was 
easy  to  visualize.  Mask  #M  simply  had  a  50-percent  duty  cycle  and  a  period  equal  to  one-half  that 
of  mask  #(M  -  1).  The  design  of  a  set  of  lithographic  masks  used  in  the  fabrication  of  multi-level 
structures  approximating  the  general  phase  functions  described  by  Equations  (4.2)  and  (4.3)  is 
slightly  more  involved. 

Let  us  consider  the  case  of  designing  a  set  of  masks  to  be  used  in  the  fabrication  of  a  circu¬ 
larly  symmetric  phase  function  described  by  Ek}uation  (4.3).  The  coarsest  approximation  to  this 
phase  profile  is  again  a  binary  phase  profile.  The  lithographic  mask  needed  to  produce  this  binary 
phase  element  will  have  a  circularly  symmetric  amplitude  profile  (i.e.,  a  set  of  alternately  transmit¬ 
ting  and  reflecting  annuli).  The  positions  and  widths  of  these  annuli  are  determined  from  Equa¬ 
tion  (4.3).  The  phase  at  the  center  of  the  pattern  is  zero.  By  stepping  out  in  radius,  the  phase  <p{r) 
either  increases  or  decreases.  The  magnitude  of  the  phase  will  reach  vr  at  some  value  of  r  which  is 
the  first  radial  position  on  the  lithographic  mask  where  an  amplitude  transition  occurs. 
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Continuing  the  process  of  stepping  out  in  radius  results  in  radial  locations  where  the  phase 
function  0(r)  tsdtes  on  \'alues  that  are  integer  multiples  of  it.  These  are  the  subsequent  radial 
positions  where  amplitude  transitions  occur  on  the  first  lithographic  mask.  The  process  of  stepping 
out  in  radius  is  continued  until  the  maximum  radial  value  of  the  pattern  to  be  written  is  reached. 

The  resulting  set  of  radial  \'alues  is  sufi<cient  information  to  write  the  lithographic  mask.  A 
computer  program  called  Mann  53,  and  written  by  the  Binary  Optics  Group  at  Lincoln  Laboratory, 
is  able  to  take  the  set  of  radial  \'alues  and  properly  format  the  data  such  that  they  can  be  read  by 
a  Mebes  electron  beam  pattern  generator.  The  Ma^  53  program  creates  a  data  tape  that  can  be 
sent  to  \’arious  lithographic  mask  vendors  for  mask  fabrication. 

The  process  of  designing  mask  #M,  where  M  is  greater  than  1,  is  carried  out  in  a  fashion  similar 
to  the  first  mask.  Again,  the  phase  function  <t>(r)  is  monitored  as  a  function  of  radius.  At  some 
radial  distance,  the  magnitude  of  the  phase  will  reach  the  value  w/Jl/.  This  is  the  radial  position  H 

where  the  first  amplitude  transition  will  occur  on  mask  M-  Subsequent  amplitude  transition  points 
for  mask  #M  will  occur  at  radial  \-alues  where  the  pha.«e  is  an  integer  multiple  of  it/M .  The  process 
of  stepping  out  in  radius  is  continued  until  the  maximum  radius  of  the  pattern  is  reached.  The 
Mann  53  program  is  used  to  format  these  radial  \‘alues  and  produce  data  tapes  in  a  manner  similar 
to  the  case  of  mask  ^1. 

The  process  described  above  is  straightforward  and  applicable  to  any  radially  symmetric  phase 
profile,  except  for  a  certain  subset  of  phase  profiles  where  an  anomaly  can  occur.  This  subset  of 
phase  functions  is  one  where  the  first  deri\*ative  of  the  phase  with  respect  to  r  is  zero  at  some  radial 
position  tha;  corresponds  to  a  transition  point.  For  this  subset  of  functions,  a  little  more  care  has 
to  be  taken  in  locating  the  transition  points.  If  the  first  derivative  d0/dr  is  zero  at  a  transition 
point,  the  question  arise*  whether  or  not  this  point  should  correspond  to  a  transition.  The  way 
to  determine  whethe'-  a  transition  should  or  should  not  occur  is  to  check  the  second  derivative. 

If  d'^o  dr^  is  also  zero  at  the  radial  point  in  question,  the  phase  is  at  an  inflection  point  and  a 
transition  should  be  located  there.  On  the  other  hand,  if  the  second  deriv’ative  is  zero,  the  point 
corresponds  to  a  local  maximum  or  minimum  of  the  phase,  and  a  transition  should  not  be  located 
there. 

Figure  4-3  illustrates  an  example  of  a  phase  function  that  contuns  a  local  maximum  at  a  radial 
position  ry.  this  position  also  happens  to  correspond  to  a  value  of  the  phase  equal  to  3?:.  Since  the 
second  derivative  is  not  zero  at  this  point,  a  transition  point  should  not  be  located  mere. 

The  procedure  described  above  is  also  applicable  for  noncircularly  symmetric  phase  functions 
described  by  Ex]uation  (4.2).  The  basic  idea  is  the  same,  yet  the  determination  of  the  transition 
point  locations  can  become  quite  computationally  intensive.  PerkimElmer  Corp.  has  devised  a  ^ 

software  package  that  can  take  an  arbitrary  two-dimensional  phase  profile  and  construct  from  it  a 
set  of  proper  lithographic  masks. 

Once  the  proper  set  of  lithographic  masks  is  designed  and  constructed,  the  fabrication  of 
the  multi-level  diffractive  phase  element  is  identical  to  the  fabrication  process  of  the  multi-level 
phase  grating  described  above.  The  first  mask  pattern  is  reactively  ion  etched  to  a  rr  phase  depth. 
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Fi^uri  ^x»inp/e  of  a  phase  function  that  contains  a  local  maxiinuia. 

Subsequent  mask  patterns  are  aligned  and  etched  to  a  phase  depth  of  n/2^.  The  procedure  for 
determining  transition  point  location  and  etch  depth  is  summarized  in  Figure  4-4. 


TRANSITION  POINTS 
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(1)  ^0  =»  MOT  A  TRANSITION 
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(2)  =0  =»  IS  A  TRANSmON 
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n  •  SUBSTRATE  INDEX  OF  REFRACTION 

Figure  4-4.  Summary  of  the  procedure  for  determJning  transition  point  hcatlons  and 
etch  depths. 
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5.  APPLICATIONS  OF  MULTI-LEVEL  DIFFRACTIVE  PROFILES 


The  fabrication  of  multi-level  diffractive  phase  profiles  has  been  described  in  the  previous 
section.  Here,  we  attempt  to  elucidate  the  potential  as  well  as  the  limitations  of  using  a  diffractive 
surface  in  the  design  of  an  optical  system.  Hopefully,  a  lens  designer  will  be  able  to  determine 
whether  or  not  a  multi-level  diffractive  surface  will  be  advantageous  in  any  particular  design. 

We  begin  with  a  description  of  the  focusing  properties  of  a  completely  diffractive  lens  (Sec¬ 
tion  5.1 ).  A  completely  diffractive  lens  is  shown  to  suffer  from  severe  chromatic  aberration,  limiting 
its  usefulness  in  any  optical  system  that  has  to  operate  over  a  finite  wavelength  band. 

In  Section  5.2  we  show  how  the  chromatic  dispersion  of  the  diffractive  lens  can  be  used  to  one’s 
advantage  by  combining  it  with  a  refractive  lens  element.  The  combination  of  a  refractive  lens  and 
a  diffractive  profile  is  shown  to  be  a  very  powerful  concept  in  the  design  of  optical  elements. 

The  idea  of  using  a  diffractive  profile  to  correct  for  the  inherent  spherical  aberration  of  a  single 
spherical  lens  is  described  in  Section  5.3.  For  a  monochromatic  system,  the  spherical  aberration 
can  be  completely  eliminated;  for  a  finite  waveband  system,  it  can  be  reduced.  The  amount  of 
correction  possible  is  shown  to  depend  on  the  fractional  operating  bandwidth  of  the  system. 

FinalU'.  in  Section  5.4  we  show  how  the  diffractive  pattern  that  corrects  for  spherical  aberration 
can  be  combined  with  the  diffractive  pattern  that  corrects  for  chromatic  aberration.  The  result 
of  this  combination  is  shown  to  be  a  single  diffractive  pattern  that  corrects  for  both  spherical  and 
chromatic  aberration. 


5.1  DIFFRACTIVE  LENS 


The  simplest  example  of  a  diffractive  phase  profile,  other  than  a  linear  grating,  is  a  quadratic 
phase  profile.  In  the  paraxial  approximation,  a  quadratic  phase  profile  is  a  lens.  A  one-dimensional 
diffractive  leiii.  having  a  quadratic  phase  profile,  is  illustrated  in  Figure  5-1.  The  lens  has  a  focal 
length  F'o  wavelength  Aq.  and  forms  an  image  at  of  an  object  located  at  Zq.  The  transmittance 
function  for  this  lens,  assuming  100-percent  diffraction  efficiency  in  the  first  order  for  wavelength 
An.  is  described  bv 

i(xo)  =  (5.1) 

where  f  =  1  AoFo  is  a  constant.  By  performing  a  Fresnel  diffraction  calculation,  it  is  shown  that 
the  first-order  lens  equation  for  a  diffractive  lens  is 

-  =  Av--.  (5.2) 

2,  ^0 

From  this  equation  it  is  apparent  that  the  image  distance  Zi  is  strongly  dependent  on  wavelength. 
Setting  t,'  =  l/Aofo  in  Equation  (5.2)  results  in  the  expression 


1  11 

F{X)  ~  z, 


(5.3) 
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where  F(A)  =  AoFq/A.  This  expression  looks  conspicuously  like  the  first-order  lens  equation  for 
refractive  lenses.  The  only  difference  is  that  the  focal  length  of  the  lens,  instead  of  being  constant, 
depends  inversely  on  the  wavelength.  The  result  of  this  wavelength  dependence  is  severe  chromatic 
aberration. 


t(Xo) 


Figure  51.  Illustration  of  a  one-dimensional  diSractive  lens. 

The  amount  of  chromatic  aberration  in  a  diffractive  lens  can  be  quantified  by  setting  the  object 
distance  to  infinity.  The  output  wavefront  from  the  diffractive  lens  is  then  described  by  the  lens 
transmittance  function  of  Equation  (5.1).  An  ideal  wavefront,  having  no  chromatic  aberration,  is 
given  b>- 


r,(x)  =  e~'^ . 


(5.4) 


The  output  wavefront  from  the  diffractive  lens  can  be  rewritten  as 


Uq{x)  =  U,{x)Ua{x)  =  e  ‘^e 


(5.5) 


where  Ui  is  the  ideal  wavefront  and  Va  is  the  aberration  component  of  the  wavefront.  The  phase 
function  (t>t  of  Ua, 

2^*15 -s’*' 

is  the  chromatic  phase  aberration  of  a  diffractive  lens.  Note  that,  for  the  wavelength  A  =  Aq,  the 
phase  aberration  is  zero.  For  any  wavelength  other  than  Aq,  the  phase  aberration  is  nonzero. 

An  expression  for  the  maximum  amount  of  chromatic  phase  aberration  present  in  a  diffractive 
lens  of  aperture  diameter  A,  and  operating  over  a  bandwidth  AA  centered  at  Ao,  can  be  written  as 
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maxo, 


(5.7) 


— - — (  — ) 

8(F/#)^  A2  ’ 

where  F/#  is  the  f-nuniber  of  the  lens.  Note  that  the  amount  of  chromatic  aberration  is  proportional 
to  both  the  fractional  bandwidth  and  the  number  of  wavelengths  aw:ross  the  aperture.  As  an 
example,  consider  an  F/2  lens,  operating  over  the  8-  to  12-^m  wavelength  band,  and  having  a 
75-mm  aperture.  The  maximum  phase  error  due  to  chromatic  aberration  of  this  lens  is  234  waves! 
This  is  an  intolerable  amount  of  chromatic  aberration.  Clearly,  the  usefulness  of  a  completely 
diffractive  lens  in  an  optical  system  operating  over  a  finite  wavelength  band  is  limited. 


5.2  REFRACTIVE/DIFFRACTIVE  ELEMENTS 

The  previous  analysis  made  it  quite  apparent  that  completely  diffractive  lenses  cannot  be  used 
in  finite  wavelength  band  systems.  A  solution  to  this  dilemma  is  to  combine  a  refractive  lens  with  a 
diffractive  lens  profile.  It  should  be  pointed  out  that  this  is  not  a  detraction  from  using  diffractive 
lens  profiles  in  an  optical  system  —  rather,  it  is  an  attraction.  A  completely  diffractive  lens  would 
have  to  reside  on  an  optically  flat  substrate  to  retain  good  perfomance.  The  cost  differential  between 
an  optically  flat  refractive  substrate  and  a  refractive  lens  with  spherical  surfaces  is  negligible.  There 
is  no  cost  advantage  in  using  completely  diffractive  lens  elements.  Furthermore,  the  smaller  the 
F,  =  of  a  diffractive  lens,  the  finer  the  features  become  in  the  diffractive  profile  and  the  more 
difficult  the  element  becomes  to  construct.  By  combining  a  refractive  lens  and  a  diffractive  lens, 
the  refractive  lens  can  do  the  majority  of  the  focusing,  substantially  increasing  the  feature  sizes 
required  in  the  diffractive  lens  profile. 

The  most  compelling  reason  to  consider  refractive/diffractive  elements  is  that  the  chromatic 
dispersion  of  the  diffractive  surface  can  be  used  to  negate  the  chromatic  dispersion  of  refractive 
lenses.  The  etching  of  a  properly  designed  diffractive  lens  profile  on  a  surface  of  a  dispersive 
refractive  lens  can  result  in  a  single-lens  element  that  hats  virtually  no  dispersion.  This  concept  is 
very  powerful,  especially  in  wavelength  regions  where  the  number  of  available  materials  that  have 
suitable  transmittance  characteristics  is  limited. 

The  index  of  refraction  of  a  refractive  lens  can  be  modeled  in  a  linear  approximation  as 


n(X)  =  no  -  D{\  -  X(i)  (5.8) 

where  D  is  the  dispersion  constant  and  Aq  is  the  center  wavelength  of  the  wavelength  band.  The 
focal  length  of  this  dispersive  refractive  lens,  Fr,  is  given  by 


1  ^  1  D(A-Ao) 

Fr(A)  F po  (riQ  ~  l)Fj.o 


(5.9) 


where  Fro  is  the  focal  length  of  wavelength  Aq.  The  focal  length  of  a  diffractive  lens  Frf  was 
previously  determined  to  be 
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(5.10) 


FdW  = 


A  refractive/difFractive  combination  of  the  lenses  described  by  Ekiuations  (5.9)  and  (5.10)  results 
in  a  lens  with  a  focal  length  F(X)  given  by 


1  1  1 
F(A)  ~  F,(A)  Fd(A)- 


(5.11) 


Substituting  Equations  (5.9)  and  (5.10)  into  Equation  (5.11)  results  in 

1  ^  A  J_  _  D{X  -  Aq) 

F(A)  AoFjo  Fro  (no  -  l)Fro 


(5.12) 


Now.  if  the  ratio  of  the  focal  length  of  the  diffractive  surface  to  that  of  the  refractive  lens  is  set  to 

the  resulting  focal  length  of  the  combined  refractive/diffractive  element  is  given  by 


1  _  1  1 
F(A)  Fro  Fdo 


(5.14) 


The  result  of  Equation  (5.14)  is  an  element  that  has  a  focal  length  independent  of  wavelength. 
By  satisfying  the  condition  of  Equation  (5.13).  a  refractive/diffractive  lens  can  be  made  that,  in  a 
linear  approximation,  has  no  chromatic  dispersion.  It  is  important  to  note  that  both  the  refractive 
and  diffractive  components  of  the  combination  element  have  focal  powers  of  the  same  sign.  This  is 
unlike  a  conventional  achromatic  doublet  lens  made  from  two  refractive  lenses  of  different  materials. 
In  a  conventional  refractive  achromat,  the  two  lenses  must  have  focal  powers  of  opposite  sign.  This 
difference  between  conventional  and  refractive/diffractive  achromats  is  due  to  the  fact  that  the 
focal  length  of  a  diffracti\'e  lens  is  shorter  for  longer  wavelengths,  while  all  refractive  lenses  have 
focal  lengths  that  are  longer  for  longer  wavelengths. 

Consider  an  example  of  the  utility  of  a  refractive/diffractive  lens  in  correcting  for  chromatic 
aberration.  KrFl  lasers  are  fast  becoming  useful  tools  in  microlitbography  and  medicine.  KrFl 
laset.  emit  ultraviolet  light  in  a  2-nm  wavelength  band  centered  at  248  nm.  The  only  durable 
material  that  can  be  polished  into  refractive  lenses  at  this  wavelength  is  fused  silica.  However, 
fused  silica  is  very  wavelength  dispersive  at  248  nm.  A  conventional  refractive  achromatic  doublet 
is  difBcult  to  fabricate  due  to  the  lack  of  materials  other  than  fused  silica. 

A  refractive/diffractive  achromatic  can  be  readily  fabricated.  The  dispersion  constant  of  fused 
silica  at  248  nm  is  D  =  6  x  10'^  nm"*.  Using  this  value  of  D  in  Equation  (5.13)  results  in 


(5.15) 


28 


124931-14 


Therefore,  if  a  diffractive  lens  is  etched  into  the  surface  of  a  fused  silica  lens  such  that  Equa¬ 
tion  (5.15)  is  satisfied,  the  resulting  combination  will  have  minimum  chromatic  dispersion.  Fig¬ 
ure  5-2(a)  shows  the  phase  aberration  in  waves  across  the  aperture  of  a  fused  silica  lens.  The  lens 
has  a  1-in-diam.  aperture  and  a  9-in  focal  length.  Approximately  3  waves  of  chromatic  aberration 
are  present  at  the  edge  of  the  aperture  over  a  2-nm  bandwidth.  The  placement  of  a  diffractive  lens 
profile,  that  satisfies  Equation  (5.15),  on  a  surface  of  the  fused  silica  lens  results  in  the  chron.atic 
phase  error  shown  in  Figure  5-2(b).  The  maximum  chromatic  phase  error  has  been  reduced  from 
3  waves  of  aberration  to  less  than  0.02  wave.  This  is  a  150-fold  improvement  in  wavefront  error! 
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Figure  5-2  The  phase  aberration  (a)  of  a  refractive  fused  silica  lens,  and  (b)  of  the 
same  lens  with  dii.'ractive  aberration  correction. 
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The  concept  of  a  refractive, 'diffractive  achromat  has  been  experimentally  verified  in  the  visible 
region  of  the  spectrum.  A  1-in-diam.  fused  .silica  (quartz)  lens,  with  a  6-in  focal  length,  was  used 
to  image  an  .\ir  Force  resolution  target  illuminated  with  a  .source  emitting  from  450  to  700  nm. 
.\n  identical  lens,  with  the  properly  designed  diffractive  profile  etched  into  one  of  its  surfaces,  w£is 
also  tested.  The  results  are  shown  in  Figure  5-3.  The  diffractively  corrected  lens  is  obviously  far 
superior  in  performance  than  the  refractive  lens.  The  figure  also  shows  that  the  refractive/diffractive 
coinbinat’on  is  far  superior  for  off-axis  points.  This  can  be  understood  by  realizing  that  the  amount 
of  lateral  chromatic  aberration  depends  on  the  separation  of  the  two  lens  components.  In  the  case 
of  a  refractive /diffractive  achromat,  the  two  lens  components  are  placed  as  close  in  proximity  as 
possible,  thus  minimizing  lateral  chromatic  effects. 
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Figure  5-3.  Experimental  imaging  results  of  the  fused  silica  lens,  with  and  without 
diffractive  aberration  correction. 


30 


125929-1 


I 


Experimental  verification  of  chromatic  aberration  correction  using  a  refractive /diffractive  cle¬ 
ment  has  been  shown  not  only  in  the  visible  portion  of  the  spectrum,  but  in  the  far-infrared  (8  to 
12  ^m),  the  mid-infrared  (3  to  5  ^m],  and  the  ultraviolet  (0.246  to  0.248  fim)  as  well. 

A  refractive /diffractive  achromat  does  not  completely  eliminate  all  of  the  chromatic  aberra¬ 
tion  because  the  refractive  index  \'ariation  as  a  function  of  wavelength  is  not  exactly  described  by 
Equation  (5.8)  which  is  a  linear  approximation  to  the  true  dispersive  properties  of  refractive  ma¬ 
terials.  In  reality,  the  dispersion  has  a  small  nonlinear  component  that  cannot  be  compensated  for 
by  a  diffractive  element.  This  nonlinear  component  is,  in  terms  of  lens  design,  called  the  secondary 
spectrum.  Fortunately,  the  secondary  spectrum  is  small  in  the  majority  of  materials. 


5.3  SPHERICAL  ABERRATION  CORRECTION 


In  the  previous  section  we  showed  how  a  properly  designed  diffractive  lens  profile  could  be 
used  to  correct  for  the  chromatic  aberration  of  a  refractive  lens.  Diffractive  profiles  can  be  used 
to  correct  for  the  monochromatic  aberrations  of  refractive  lenses  as  well.  Here  we  will  discuss  the 
particular  case  of  spherical  aberration. 

In  the  majority  of  cases,  refractive  lenses  have  spherical  surfaces.  A  lens  with  spherical  surfaces 
inherently  suffers  from  spherical  aberration.  The  spherical  aberration  of  a  single  refractive  lens 
element  can  be  minimized  by  the  proper  choice  of  the  radii  of  cur\-ature  of  the  two  surfaces  of  the 
lens,  but  cannot  be  completely  eliminated. 

Two  conventional  solutions  exist  to  eliminate  spherical  aberration.  One  is  to  use  multiple 
lenses  instead  of  a  single  lens.  The  number  of  lenses  needed  depends  on  the  required  performance 
of  the  lens  system.  This  solution  to  the  problem  results  in  added  weight,  lower  light  throughput, 
and  greater  system  complexity.  The  other  conventional  solution  to  the  problem  is  to  place  an 
aspheric  surface  on  the  lens.  This  solution  suffers  from  the  fact  that,  in  general,  tispheric  surfaces 
are  very  costlj-  to  produce. 

The  approach  described  here  is  to  employ  a  diffractive  surface  to  eliminate  the  spherical  aber¬ 
ration  of  a  refractive  lens.  For  simplicity,  the  following  analysis  shows  bow  a  diffractive  phase 
profile  can  eliminate  third-order  spherical  aberration  from  a  lens  A  diffractive  surface  can  correct 
for  higher-order  spherical  aberration  as  well.  Consider  the  wavefront,  of  wavelength  Ao.  exiting 
from  the  back  surface  of  a  lens.  Ideally,  this  wavefront  would  be  a  spherical  wave  converging  to  the 
focal  point  F  and  described  by  the  pheise  profile 

o,  =  -^/?  (5.16) 

Ao 


where  f?  =  (r^  -i-  F^)^.  A  second-order  approximation  to  this  ideal  wavefront  can  be  made  by- 
expanding  R  in  a  power  series,  resulting  in 


0,3  =  - 
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(5.17) 
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Figure  5-4.  Theoretical  phase  error  due  to  spherical  aberration  of  a  fused  silica  leas 
Kith  and  without  diffractive  correction. 


P 


32 


124931-16 


This  equation  is  the  expressiou,  to  fourth  order  in  r,  of  an  ideal  wavefront.  A  refractive  lens 
with  spherical  surfaces  cannot  produce  this  wavefront.  The  wavefront  from  any  particular  lens, 
depending  on  the  design,  will  vary.  To  simplify  things,  let  us  assume  that  the  wavefront  exiting 
the  refractive  lens  is  quadratic  and  given  by 


Oi  — 


7rr* 


(5.18) 


The  third-order  spherical  aberration  of  this  lens  would  then  be 


Oq  — 


4AoFa‘ 


(5.19) 


This  third-order  spherical  aberration  can  be  negated  by  simply  etching  a  diffractive  phase  profile 
into  the  back  surface  of  the  lens  that  has  a  phase  profile  of 


Od  = 


TTr" 


4AoF3' 


(5.20) 


The  resultant  wavefront  would  be  given  by  Equation  (5.17)  and  suffer  no  third-order  spherical 
aberration.  This  refractive/diffractive  element,  that  has  no  spherical  aberration  at  the  wavelength 
Aq.  behaves  very  much  like  a  conventional  aspheric  element. 

A  demonstration  of  the  concept  of  spherical  aberration  correction  has  been  performed  using  a 
fused  silica  single-element  lens  at  the  HeNe  laser  wavelength  of  0.6328  The  fused  silica  lens 
was  plano-convex  and  had  a  1-in  aperture  and  a  2-in  focal  length.  This  lens  suffered  from  severe 
spherical  aberration,  having  a  maximum  phase  error  of  close  to  100  waves,  as  shown  in  Figure  5-4(a). 
When  placed  on  the  lens,  the  properly  designed  diffractive  surface  had  a  theoretical  phase  error  of 
less  than  0.1  wave  (see  Figure  5-4(b)]. 

The  diffractively  corrected  refractive  lens  w'as  fabricated  and  tested.  Figures  5-5(a)  and  (b) 
are  images  of  the  focal  spot  produced  from  the  uncorrected  and  corrected  lenses.  Figure  5-5(a) 
clearly  shows  the  expected  light  distribution  associated  with  spherical  aberration.  The  diffractively 
corrected  focal  point  of  Figure  5-5(b)  is  essentially  diffraction  limited.  The  experimentally  verified 
improvement  is  enormous.  It  would  take  three  conventional  spherical  lenses  in  tandem  to  achieve 
the  same  performance. 

As  further  verification,  the  lenses  were  used  to  image  an  Air  Force  resolution  test  pattern.  The 
results  of  the  imaging  experiments  are  shown  in  Figure  5-6.  The  uncorrected  lens  [Figure  5-6(a)] 
has  a  resolution  as  expected  from  theory.  The  diffractively  corrected  image  [Figure  5-6(b)]  has  a 
resolution  that  is  essentially  diffraction  limited. 

The  Binary  Optics  Group  at  Lincoln  Laboratory  has  also  demonstrated  spherical  aberration 
correction  of  lens  elements  at  wavelengths  in  the  far-infrared,  the  mid-infrared,  and  the  ultraviolet 
regions  of  the  spectrum. 
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5.4  LIMITATIONS  OF  REFRACTIVE/DIFPRACTIVE  ELEMENTS 


In  Sections  5.2  and  5.3  we  showed  that  it  is  possible  to  diffractively  correct  for  the  primary 
chromatic  aberration  and  spherical  aberration,  at  a  specified  wavelength,  of  a  refractive  lens.  All 
single-element  refractive  lenses  with  spherical  surfaces  suffer  from  both  chromatic  and  spherical 
aberration.  The  question  arises  as  to  how  well  a  diffractive  surface  can  correct  for  both  chromatic 
and  spherical  aberrations  over  a  finite  wavelength  band. 

In  order  to  get  an  estimate  on  the  capability  of  a  diffractive  surface  to  correct  for  both  chromatic 
and  spherical  aberration  over  a  finite  wavelength  band,  a  model  of  the  phase  error  of  a  refractive 
lens  will  be  assumed  to  be 


Or{r)  =  y  [.4(Ao  -  A)r-  -  5(Ao  -  A)V  ^  Cr^]  .  (5.21) 

The  first  term  on  the  right-hand  side  of  this  equation  represents  the  primary  chrom-'tic  aber?  ition 
of  the  lens:  the  next  term  is  a  representation  of  the  secondary  spectrum;  and  the  last  term  represents 
the  spherical  aberration  of  the  lens  The  values  of  the  constants  A,  B.  and  C  determine  the  amounts 
of  primary  chromatic  aberration,  secondary  spectrum,  and  spherical  aberration  present. 

.4  diffractive  profile  can  be  added  to  the  refractive  lens  that  imparts  a  phase  given  by 

Odir)-  ^  f.4Ar-  --r(:^)r''|.  (5,221 

A  L  Ao  J 

The  resulting  wavefront,  from  the  refractive  diffractive  lens,  will  have  a  residual  phase  error  given 
b\- 
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B(Ao  -  A)*r 


(5.23) 


which  is  the  phase  error  of  Equation  (5.21)  minus  the  phase  correction  of  Equation  (5.22).  The 
residual  phase  error  of  Equation  (5.23)  reveals,  as  expected,  that  the  secondary  spectrum  of  the 
refractive  lens  cannot  be  corrected.  Furthermore,  the  additional  term  in  Equation  (5.23)  represents 
the  inability  of  a  diffractive  surface  to  completely  correct  for  spherical  aberration  over  a  finite 
wavelength  band.  This  residual  term  is  commonly  referred  to  as  ‘•spherochromatism,”  which  is 
the  amount  of  spherical  aberration  present  in  the  image  as  a  function  of  wavelength.  For  a  center 
wavelength  Aq.  the  spherochromatism  term  in  Equation  (5.23)  is  zero,  as  expected.  For  wavelengths 
other  than  Aq.  the  spherochromatism  term  is  nonzero. 

A  diffractive  surface  is  not  able  to  completely  correct  for  spherical  aberration  over  a  finite 
wavelength  band.  The  amount  of  correction  obtainable,  as  described  in  Equation  (5.23),  is  propor¬ 
tional  to  the  fractional  bandwidth  over  which  the  lens  has  to  operate.  In  many  cases,  the  amount 
of  correction  is  sufficient  to  justify  the  use  of  a  diffractive  surface. 

As  an  example,  consider  an  F.'2  single-element  silicon  lens  with  a  lOO-mm  focal  length  and  an 
operating  bandwidth  from  3  to  5  /jm.  This  bandwidth  represents  a  50-percent  fractional  bandwidth 
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Figure  5-7.  (a)  The  phase  aberration  and  (bj  point  spread  function  of  a  re&active 

silicon  lens. 


which  is  representative  of,  or  larger  than,  the  majority  of  finite  bandwidth  systems.  The  phase 
aberration  o  ' the  best-designed,  spherical  surface,  refractive  element  is  sho'Nn  in  Figure  5-7(a),  and 
the  light  distribution  at  the  focal  point  (i.e.,  point  spread  function)  is  shown  in  Figure  5-7(b). 
It  is  evident  from  Figure  5-7(a)  that  the  single^lement  lens  has  both  chromatic  and  spherical 
aberration.  A  diffractive  phase  profile,  described  by  Equation  (5.22)  and  placed  on  the  back  surface 
of  the  refractive  silicon  lens,  results  in  the  phase  aberration  shown  in  Figure  5-8(a)  and  the  point 
spread  function  shown  in  Figure  5-8(b).  The  primary  chromatic  aberration  of  the  refractive  lens 
has  been  eliminated,  as  has  the  spherical  aberration  at  the  center  wavelength  (4  fim).  The  residual 
spherochromatism.  that  cannot  be  corrected,  has  a  maximum  phase  error  of  0.2  wave.  This  is  a 
significant  improvement  over  the  maximum  phase  error  of  the  refractive  lens  (3  waves). 

The  silicon  lenses  described  above,  with  and  without  the  diffractive  phase  profile,  were  fab¬ 
ricated  and  tested.  The  e.vperinientally  measured  modulation  transfer  function  (MTF)  of  both 
lenses  is  plotted  in  Figure  5-9.  The  resolving  capability  of  the  diffractively  corrected  lens  is  far 
superior  to  that  of  the  completely  refractive  lens.  The  discrepancy  between  the  theoretical  and 
experimental  performance  of  the  diffractively  corrected  lens  is  attributable  to  the  fact  that  the 
theoretical  prediction  assumed  a  100-percent  efficient  diffractive  surface  for  all  wavelengths.  The 
experimentally  tested  lens  wais  an  8-phase  level  structure  with  a  maximum  efficiency,  at  4  ^m.  of 
only  95  percent.  In  any  case,  the  diffractively  corrected  lens  far  exceeded  the  completely  refractive 
lens  in  performance. 

The  spherochromatism  term  in  Equation  (5.23)  can  be  averaged  over  the  operating  fractional 
bandwidth  JvA  \q.  resulting  in  an  expression  for  the  average  residual  spherochromatism 

(5.24) 

This  equation  reveals  that  the  ratio  of  the  residual  spherochromatism  of  a  diffractively  corrected 
lens  to  the  spherical  aberration  of  the  refractive  lens  is  equal  to  one-half  the  fractional  bandwidth. 

Figure  5-10  illustrates  the  chruiu.'tic  and  spherical  aberration  reduction  capability  of  a  diffrac¬ 
tive  profile.  Examples  are  shown  for  common  operating  wavelength  regions  extending  from  the 
far-infrared  to  the  ultraviolet.  Notice  that,  in  all  the  examples,  the  residual  rms  phase  error  is  less 
than  0.1  wave. 
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6.  DESIGNING  DIFFRACTIVE  PHASE  PROFILES  USING  CODE  V 


In  Section  5  we  showed  analytically  the  potential  usefulness  of  a  diffractive  phase  profile  in 
reducing  aberrations.  The  analysis  was  very  nonspecific  in  regard  to  the  exact  diffractive  phase 
function  needed  to  optimally  reduce  the  aberrations  of  a  particular  refractive  lens.  The  exact 
determination  of  the  optimum  diffractive  phase  profile  for  any  particular  lens  requires  the  assistance 
of  a  lens  design  program  which  must  have  the  capability  to  insert  diffractive  phase  profiles  into  a 
lens  system  and  optimize  the  profile. 

Inserting  and  optimizing  a  diffractive  phase  profile  in  a  lens  system  can  be  accomplished  using 
the  commercially  available  lens  design  program  CODE  V;  this  program  is  used  extensively  by  lens 
designers  for  optimizing  and  analyzing  refractive  and  reflective  systems.  Lens  designers  familiar 
with  the  conventional  capabilities  of  CODE  V  will  have  little  problem  learning  and  using  the 
diffractive  surface  design  capabilities  of  the  program. 

In  CODE  V.  as  well  as  other  design  programs,  the  lens  designer  inputs  a  design  that  meets  the 
necessary  first-order  performance  specifications  of  the  system.  An  optimization  routine  is  used  that 
changes  the  initial  first-order  design  in  such  a  way  to  achieve  maximum  optical  performance.  In  the 
optimization  process,  the  thicknesses,  spacings.  and  radii  of  curvature  of  the  individual  elements  are 
treated  as  variables.  The  performance  resulting  from  the  optimization  routine  generally  depends 
on  the  initial  conditions  specified  by  the  designer. 


CODE  has  the  ability  to  insert  one  or  more  diffractive  surfaces  anywhere  into  a  lens  system. 
These  diffractive  surfaces  are  specified  by  parameters  that  can  be  optimized  to  attain  the  best 
system  performance.  The  implementation  of  diffractive  surfaces  in  CODE  V  was  formulated  to 
emulate  the  recording  of  optically  generated  diffractive  surfaces  (i.e.,  holographic  optical  elements). 
The  recording  of  a  holographic  surface  is  specified  by  the  recording  wavelength  Aq  and  the  location 
in  space  of  two  point  sources,  as  shown  in  Figure  6-1.  The  two  point  sources,  located  at  Ri{xi,yi,  zi) 
and  1/2-  >2)-  produce  spherical  wavefronts.  The  interference  of  these  two  spherical  wavefronts 

results  in  a  diffractive  phase  profile  at  the  recording  plane  given  by 


Onix^y)  = 


Ao 


-  Xi)2  +  {y~  yi)‘  +  Zi^  + 


Note  that  the  diffractive  phase  profiles  that  can  be  generated  optically  are  a  small  subset  of  the 
total  possible  phase  profiles.  The  spherical  nature  of  the  two  interfering  wavefronts  restricts  the 
set  of  optically  generated  phase  profiles. 

Fortunately.  CODE  V  has  the  ability  to  analyze  and  optimize  a  more  general  set  of  diffractive 
phase  profiles  than  that  given  by  Equation  (6.1).  An  additional  diffractive  phase  term 

2  10  lo-fe 

(t>f{x,y)  =  ^kbix’^y'  (6.2) 

''o  fc=0  /=o 

can  be  added,  in  CODE  V,  to  the  optically  generated  phase  profile  of  Equation  (6.1).  This  ad¬ 
ditional  diffractive  phase  term  makes  it  possible  to  optimize  and  analyze  a  much  larger  subset  of 
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Figure  6-1 .  Recording  setup  for  producing  &n  optically  generated 
holographic  element. 


diffractive  phase  profiles  than  those  of  Equation  (6.1).  Furthermore,  it  is  possible  (and  preferable) 
to  let  Equation  (6.2)  completely  specify  the  diffractive  phase  function.  This  can  be  accomplished  by 
setting  the  two  point  source  locations  Ri  and  A2  at  the  same  point  in  spaure.  The  resulting  interfer¬ 
ence  pattern  from  two  point  sources  located  at  the  same  point  is  a  constant.  The  resulting  phase, 
given  by  Equation  (6.1).  becomes  zero.  The  total  diffractive  phase  is  then  given  by  Equation  (6.2). 


In  the  screen  mode  of  CODE  V,  a  diffractive  surface  can  be  placed  in  a  lens  system  bj’  entering 
the  surface  data  screen  (Gold  S).  Choosing  the  holographic  surface  option  (Number  7)  results  in 
a  screen  that  requires  numerous  input  parameters.  The  first  parameter  to  be  entered  is  simply 
the  surface  number  in  the  lens  design  on  which  the  diffractive  profile  is  to  be  placed.  The  second 
input  parameter  is  the  diffraction  order  of  the  diffractive  phase  profile  that  will  be  optimized  and 
analyzed  by  CODE  V.  The  first  diffraction  order  is  almost  exclusively  the  order  of  interest. 

The  next  parameter  to  be  entered  is  the  holographic  recording  wavelength.  Typically,  the 
wavelength  of  the  laser  used  to  optically  record  a  holographic  element  would  be  entered.  In  our 
case,  the  value  entered  is  irrelevant,  since  the  diffractive  phase  profile  is  computer  generated  instead 
of  optically  generated.  We  prefer  to  set  the  wavelength  equal  to  the  center  wavelength  of  the 
operating  bandwidth  only  for  consistency. 

CODE  V  assumes  that  the  diffraction  order  chosen  will  have  100-percent  diffraction  efficiency 
unless  the  next  three  input  parameters  are  entered.  These  three  parameters,  used  to  model  the 
diffraction  efficiency  of  volume  holograms,  are;  the  volume  thickness,  the  volume  index  of  refraction. 


42 


aad  the  index  of  refraction  modulation.  Since  the  surface  relief  profiles  described  in  this  repcxt  are 
not  volume  elements,  it  is  best  to  leave  these  three  parameters  set  to  their  default  value  of  aero. 
The  actual  diffraction  efficiency  of  an  element  will  have  to  be  determined  outside  of  CODE  V  by 
using  the  theory  developed  in  previous  sections  of  this  report. 

The  next  set  of  eight  input  parameters  specifies  the  two  point  source  locations  and  whether  the 
point  sources  are  real  or  virtual.  The  spatial  coordinates  of  both  point  sources  are  set  to  the  same 
location,  as  mentioned  above.  It  is  then  irrelevant  whether  the  point  sources  are  real  or  virtual. 
We  set  both  point  sources  to  be  real  for  no  particular  reason  other  than  consistency. 

The  last  entry  on  the  holographic  surface  screen  is  the  number  of  aspheric  diffractive  phase 
terms,  of  Equation  (6.2),  to  be  entered.  This  entry  is  misleading  in  its  wording.  It  is  not  the 
number  of  terms  that  should  be  entered,  rather  the  number  corresponding  to  the  maximum  term 
number  in  the  polynomial  expansion.  The  CODE  V  terminology  for  the  aspheric  phase  polynomial 

is 


2- 


(6.3) 


The  number  N.  representing  a  particular  term  in  the  expansion,  is  determined  by  the  expression 

y  (6.4) 

The  polynomial  expansion  of  Equation  (6.3)  is  truncated  to  values  of  less  than  or  equal  to  10. 
The  total  number  of  possible  terms  is  65.  The  term  N  =  65  for  example,  as  given  by  Equa¬ 
tion  (6.4).  represents  the  coefficient  ao.u  of  the  term. 

Once  the  maximum  desired  term  number  is  entered  on  the  screen,  a  final  input  scr^n  consisting 
of  a  two-column  table  will  appear.  The  term  numbers  N  desired  in  the  expansion  are  entered  in  the 
left-hand  column;  the  values  of  the  corresponding  coefficients  are  entered  in  the  right-hand  column, 
directly  opposite  the  appropriate  term  number.  Any  particular  coefficient  value  entered  can  be  set 
to  a  variable  by  pressing  the  Gold  key  after  entering  the  coefficient  value.  In  many  cases,  there 
is  lit  tie  a  priori  knowledge  as  to  what  the  coefficient  values  should  be.  For  these  cases,  it  is  best  to 
enter  initial  values  of  zero  for  all  the  desired  coefficients  and  let  the  optimization  routine  determine 
their  optimum  values. 

A  complete  description  of  entering  a  diffractive  phase  profile  on  a  surface  in  a  lens  system  has 
been  given.  The  optimum  diffractive  phase  profile  is  attained  by  using  the  CODE  V  automatic 
design  feature.  A  deficiency  of  the  CODE  V  program  is  that  the  diffrtM;tive  aspheric  phase  terms  are 
neglected  in  detei mining  the  first-order  parameters  of  a  lens  system.  These  first-order  parameters 
(i.e.,  effective  focal  length,  F /#,  etc.)  are  often  used  as  constraints  in  the  automatic  design  routine. 
If  a  diffractive  element  is  optimized  in  CODE  V  using  first-order  constraints,  the  result  can  be 
erroneous.  Only  exact  ray  trace  parameters  can  be  used  as  constraints  when  optimizing  a  diffractive 
phase  profile  in  CODE  V. 
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The  \’ast  majorit>-  of  optical  systems  are  designed  to  operate  over  a  field  of  view  that  is  radially 
symmetric.  If  the  elements  in  a  lens  system  are  constrained  to  be  radially  symmetric,  it  is  only 
necessary  to  optimize  the  performance  over  a  radial  slice  of  the  field  of  view  (i.e.,  y-axis).  The 
lens  system  is  then  guaranteed  to  have  the  same  performtmce  over  any  radial  slice  of  the  field  of 
view.  The  advamtages  to  optimizing  over  a  radial  slice  as  compared  with  the  full  field  of  view  are 
speed  and  cost.  Each  additional  field  point  used  in  the  automatic  design  routine  increases  the 
computation  time  and,  therefore,  the  expense. 

The  diffractive  phase  profile,  described  in  Equation  (6.3),  is  not  radially  symmetric.  If  this 
diffractive  profile  is  to  be  optimized  for  use  in  an  optical  system  that  is  to  operate  over  a  radially 
symmetric  field  of  view,  the  field  points  used  in  the  optimization  routine  would  have  to  cover  the 
whole  field  of  view.  If  only  field  points  lying  on  the  y-axis  were  used  in  the  optimization,  the 
resulting  profile  would  perform  well  for  y-axis  field  points.  Field  points  lying  on  the  x-axis,  or  any 
radial  axis  other  than  the  y-axis.  would  not  be  guaranteed  suitable  perform2mce. 

Within  CODE  \'.  a  way  exists  to  constrain  the  diffractive  phase  profile  of  Equation  (6.3)  to 
be  radially  symmetric.  Constraining  the  diffractive  profile  to  be  radiadly  symmetric  allows  for  the 
optimization  over  the  complete  field  of  view,  using  only  the  y-axis  field  points.  A  radiadly  symmetric 
diffractive  phase  profile  can  be  expressed  in  (x,y)  coordinates  as 


,  ^  2-.  . 

Or'iT.y)  =  'Ql(x-- 

Ao 


By  entering  only  the  (x.y]  terms  of  this  equation  in  the  diffractive  phase  expression  [Equation  (6.3); 
and  constraining  the  coefficient  values  to  conform  to  the  proportions  of  Equation  (6.5).  the  diffrac¬ 
tive  phase  can  be  made  radially  symmetric. 

When  optimizing  a  diffractive  profile,  the  coefficients  of  Equation  (6.3)  can  be  constrained 
to  conform  to  the  ratios  of  Equation  (6.5)  by  introducing  a  sequence  file  in  the  automatic  design 
routine.  This  sequence  file  acts  as  a  user-defined  constraint  in  the  optimization  process.  The 
introduction  of  the  proper  sequence  file  in  the  automatic  design  routine  allows  for  the  optimization 
over  the  total  field  of  view  from  only  field  points  lying  on  the  y-axis. 

The  generation  of  sequence  files  is  explained  in  the  CODE  V  manual.  A  sequence  file  is  basically 
a  file  type  .SEQ  in  the  \'MS  directory.  An  example  of  a  user-defined  constraint  sequence  file  that 
forces  the  diffractive  phase  profile  to  be  radially  symmetric  is  given  below.  For  this  exaunple.  the 
sequence  file  is  given  the  name  HOE2.SEQ;l.  It  constrains  the  coefficients  of  E)quation  (6.5),  on 
surface  Number  2  of  the  lens  system,  to  be  radially  symmetric. 

Filename;  HOE2.SEQ;l 


eH21:=(HCO  S2  C3)-(HCO  S2  C5) 
®H21=0 

®H22:-(HCO  S2  C10)-(HCO  S2  C14) 
®H22=0 

®H23:=(HCO  S2  C12)-2*(HC0  S2  CIO) 
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®H23=0 

®H24:=(HCO  S2  C21)-(HC0  S2  C27) 

®H24=0 

®H25:=(HCO  S2  C23)-(HCO  S2  C25) 

®H25=0 

®H26:=(HCO  S2  C23)-3*(HCO  S2  C21) 

®H26=0 

The  file  H0E2.SEQ;1  will  be  read  into  CODE  V  as  a  user-defined  constraint  by  entering  IN 
HOE2  while  in  the  command  mode  version  of  CODE  V’s  automatic  design. 

The  first  line  of  this  sequence  file  defines  a  variable,  H21,  that  is  the  difference  between  the  N  = 
3  and  N  =  5  terms  of  Equation  (6.3).  The  second  line  of  the  file  constrains  H21  to  be  zero.  In  other 
words,  the  first  two  lines  constrain  the  coefficients  of  the  term  and  term  to  be  equal.  The 
diffractive  phase  profile  will  therefore  be  radially  symmetric  in  the  term.  In  a  similar  fashion,  the 
next  four  lines  constrain  the  profile  to  be  radially  symmetric  in  r^,  w’hile  the  last  six  lines  constrain 
the  profile  to  be  radially  symmetric  in  r®.  This  sequence  file  could  easily  be  extended  to  constreun 
the  profile  to  be  radially  symmetric  up  to  the  term  if  desired. 

The  sequence  file  example  given  above  constrains  the  diffractive  profile  on  surface  2  of  the  lens 
system  to  be  radially  symmetric.  Similiar  sequence  files  can  be  generated  and  stored  in  the  user’s 
directory  that  constrain  the  diffractive  phase  profile  to  be  radially  symmetric  on  any  surface  of 
the  lens  system.  More  elaborate  sequence  files  can  also  be  generated  that  constrain  the  diffractive 
profile  in  any  way  desired  by  the  designer. 
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7.  SUMMARY 


In  the  past,  optical  designers  have  avoided  considering  diffractive  elements  as  practical  alter¬ 
natives  to  refractive  and  reflective  elements.  The  neglect  had  been  justified  based  on  the  fact  that 
no  reliable  and  cost-effective  fabrication  capability  existed. 

Hopefully,  this  report  has  provided  the  reader  some  insight  into  the  potential  usefulness  of 
multi-level  diffractive  phase  profiles.  These  profiles  can  be  eaisily  designed  and  evaluated  by  using 
standard  lens  design  programs  along  with  the  procedures  detailed  in  this  report.  The  fabrication  of 
these  elements  has  been  shown  to  be  reliable  and  straightforward.  The  fabrication  tools  and  equip¬ 
ment  necessary  to  produce  these  elements  are  not  inexpensive.  However,  it  is  standard  equipment 
used  in  the  fabrication  of  integrated  circuits  and  available  for  use  at  many  places. 

Multi-level  diffractive  elements  are  in  no  way  the  solution  to  all  optical  design  problems. 
However,  there  are  many  systems  where  a  diffractive  element  can  be  used  to  gain  an  advantage 
over  a  conventional  design.  The  applications  section  of  this  report  (Section  5)  attempted  to  elucidate 
some  of  the  distinct  capabilities,  as  well  as  the  limitations,  of  diffractive  elements. 

It  is  our  hope  that  an  optical  designer,  after  reading  this  report,  wnll  begin  to  seriously  consider 
diffractive  surfaces  as  potential  solutions  to  some  of  his/her  lens  design  problems.  The  use  of  these 
surfaces  is  in  its  infancy.  The  larger  the  number  of  designers  considering  these  structures,  the  faster 
diffractive  elements  will  begin  to  appear  in  real  optical  systems. 
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